Objective of this research is to study the presence of 3D flash lag illusion created by a moving object that has a motion-in-depth and a flash object. An object consisting of two thin sticks was simulated to approach the subject who observed it with a stereoscope. In the process of approaching, another stick was briefly presented in the middle of the moving sticks. Five human subjects took part in our experiments and all perceived 3D flash lag illusion. The perceived depth created by 3D flash lag illusion was measured by two different psychophysical experiments, by use of a vernier caliper and by a method of nulling with another depth cue. We studied relation between the perceived depth and the presentation distance. The experimental results indicate that the perceived gap by 3D flash lag illusion is independent from the presentation distance.
Introduction
The FLE is a visual illusion where a flash and a moving object that appear in the same location are perceived to be displaced from one another (Nijhawan, 1994) . Though Mach has reported a similar phenomenon more than 100 years ago (Watanabe, Nijhawan, Khurana, & Shimojo, 2001) , FLE was revisited by Nijhawan (1994) , leading to the renewed interest.
Regardless of all the attention received by FLE, almost all other publications were done only for the motion on the frontal plane and FLE by a moving object with motion-in-depth is relatively a new illusion to be studied.
There are two possible interpretations for the occurrence of a 3D flash lag illusion. One is that the FLE occurs before fusing and processing of binocular images. The 2D FLE generates displacements between the moving and the flash objects on each image. The displacement on right eye image and that on left eye image function as binocular disparity for stereovision system. The brain processes the disparity and gives depth perception.
The alternative is that the FLE occurs after the fusion of images. In this case the 3D flash lag illusion occurs from the motion in depth.
Even though a research had been done about 3D flash lag illusion (Nijhawan, 1997) , a detailed study discussing the interpretation of the occurrence of 3D FLE has not been done yet. This led to the objective of our research, which was to confirm that a 3D flash lag illusion is perceived when the moving object has a motion-in-depth.
Experimental conditions

Outline of the experiments
We conducted two psychophysical experiments in order to study the occurrence and the characteristics of 3D FLE. A personal computer simulated a motion-indepth, created by changing of vergence and image size on retinas (Regan, Erkelens, & Collewijn, 1986) and presented a flash. Using a mirror stereoscope, human subjects fused the binocular images to observe a moving object and a flash, and estimated the perceived gap between them. The gap created by 3D FLE was measured by two different psychophysical methods, one was by use of a vernier caliper and the other was a method of gap nulling with another depth cue.
We varied the time the flash was presented, which changed the presentation distance from the stimuli to the subject when the flash was given. The reason for this is that perceived depth from identical horizontal binocular disparity varies with the distance from the subject to the object. The perceived depth by 3D FLE could vary with the presentation distance as 3D FLE is related to binocular vision.
Apparatus
An Apple Power Macintosh computer controlled the stimuli presentation. A Wheatstone-type stereoscope composed of two 17 in. flat CRT displays, which were kept facing each other, and two flat surface mirrors was the main experimental apparatus.. We employed hyperpixel technique that virtually produced 100 times finer stimuli drawing than using plain pixels. Images were refreshed with the vertical synchronization signal of the video card to ensure a smooth presentation of motion picture. No fixation point was used and the viewing distance was 500 mm. Both experiments were conducted in a completely covered dark room, with blackout curtains around the equipment, so that only the stimuli were visible to the subject.
Stimuli
Stimuli were a moving object and a flash object. The moving object consisted of two 100 mm vertical, thin sticks, and the sticks were positioned side-by-side with 100 mm apart from each other (Fig. 1 ). They were simulated to be parallel to the coronal plane of subject. The moving object moved back and forth between 600 and 300 mm away from the subject. The flash stimulus was a 100 mm stick and was briefly presented at the center of the moving lines. When the moving object was at either 550, 450, or 350 mm away from the subject, in the process of approaching, the flash stimulus was presented for one frame of video card (1/85 s). The background of the stimuli was black and the color of the moving object and the flash was white.
Subjects
Five subjects ranging between 22 and 31 years of age participated in the experiments. Four of the subjects were naive to the purpose of the experiment and all had normal or corrected-to-normal vision. All subjects were screened for normal binocular vision before the experiment. Subject was seated on a chair and used a chin rest for minimizing head movement. We asked subject to track the moving object during each trial.
Experiment using vernier caliper
Procedure
Before the experiment the subjects were trained to represent the perceived depth from real objects using a vernier caliper. The moving object moved with a constant velocity of 300 mm/s. When the moving object was in the approaching motion, either 350, 450, or 550 mm away from the subject, a flash stimulus was given at the same depth, when. Ten trials were done for each of three positions. At each trial the flash stimulus was given for several times. After the occurrence of the each trial, the observer was asked to state which of the stimuli appeared to be closer, the moving object or the flash or if they appeared at equal depths. The subject estimated the perceived depth using the vernier caliper. Since the experiment was done in a dark room, the subjects adjusted the vernier caliper by estimating the depth by touching, while looking at the simulation. Two subjects, KT and SU, participated.
Results
Both subjects reported that the flash stimulus appeared behind the moving stimulus. Fig. 2 shows the experimental results of the perceived depth. The perceived depth did not vary with presentation distance on each subject. The average depth perceived was 30 mm (0.1 ms) for subject KT and 12 mm (0.04 ms) for subject SU. 
Experiment using depth cancellation with stereopsis
Procedure
We conducted another experiment to increase the reliability of result because it is not very easy for human subjects to represent the perceived depth with precision using the vernier caliper. In the second experiment, the depth created by 3D FLE was measured using a cancellation method so that the depth created by 3D FLE could be nulled or cancelled with depth from binocular disparity. The magnitude of 3D FLE would be equal to the depth from stereopsis if visual system linearly averaged these depth cues (Dosher, Sperling, & Wurst, 1986) .
In this experiment the moving object moved with a constant velocity of 150 mm/s. The point of cancellation was obtained using the method of constant stimuli. Disparity between the moving object and the flash, which creates depth impression between them, was varied. A flash with one disparity value was presented to the subject on each trial, randomly selected from a range of disparity values that are expected to bracket the equivalent stimuli condition. Ten different values of disparity between the moving object and the flash were chosen for the study: 16, 14, 12, 10, 8, 6 , 4, 2, 0, and )2 mm. These are the expected depth by binocular disparity and the positive values indicate that the disparity acts on making the flash in front of the moving object. Ten random trials were done for each of those 10 values of stimulus intensity. The subject used the two-alternative-forced-choice method to state whether the flash had occurred in front of or behind the moving object. Three subjects, SY, HS, and TY, participated.
Results
From the raw data of experiment 2, psychometric functions were obtained using probit analysis for every experimental condition, resulting smooth S-shaped curves. The depth by disparity at which the psychometric function crossed the 50% detection level would indicate the magnitude of 3D FLE. Fig. 3 shows the relation between the presentation distance and the perceived depth from 3D FLE, obtained from psychometric functions for the experiment 2. The horizontal axis represents the distance from observer to stimuli when flashed and the vertical axis represents the perceived depth created by 3D FLE. Diamonds denote the depth perceived by subject SY, circles by subject HS, and triangles by subject TY.
Discussion and conclusions
Both the experiments prove the presence of 3D flash lag illusion. Our results agree with those obtained by a large number of studies made on 2D flash lag illusion and the magnitude of the 3D FLE is similar to that of the 2D FLE. Since the both 2D and 3D motion can be considered as just a motion, the presence of 3D flash lag illusion seems reasonable because it is obvious that the flash lag illusion is closely related to a brain region which processes motion perception.
Since the perceived depths for all three locations of the flash were nearly constant for all five subjects, individually, it is not far from the truth to say that 3D flash lag illusion is independent from presentation distance. We shall now look more carefully into the distance independence of the perceived depth from 3D flash lag illusion. The gap from 3D flash lag illusion is independent from presentation distance while the perceived depth from identical horizontal binocular disparity varies with distance from the subject to the object.
We shall now focus on the mechanism of 3D flash lag illusion, or in other words, finding out whether the 3D flash lag illusion occurs before or after fusing and processing of binocular images, as explained in details in Section 1. If the 3D flash lag illusion occurs before the fusion of binocular images, the 2D flash lag illusion creates binocular disparity. Even though the depth by stereopsis should vary with the flash presentation distance, the disparity by 2D flash lag illusion could be same anywhere. The relationship between the expected depth and presentation distance to the object from the observer is given by the following equation:
where a is the interpupillary distance, d the presentation distance and D is the disparity in radian. According to this equation when the disparity and interpupillary distance are constant, perceived depth is proportional to the square of the distance. But our results do not indicate such a relationship. Results indicate that the perceived depth is independent from the distance, or decrease with a very small gradient with the distance at which the flash had occurred, which is clearly contradictory. Most of us would accept that the flash lag illusion, studied in this research, mainly occurs after fusing and processing of binocular images, and it is the 3D flash lag illusion.
